Summary
Coronin is a protein involved in cell locomotion and cytokinesis of Dictyostelium discoideum.
Here we show that coronin is strongly enriched in phagocytic cups formed in response to particle attachment. A fusion of coronin with green fluorescent protein (GFP) accumulates in the cups within less than 1 min upon attachment of a particle and is gradually released from the phagosome within 1 min after engulfment is completed. Phagocytic cup formation competes with leading edge formation and can be interrupted at any stage. When the cup regresses, coronin dissociates from the site of accumulation.
TRITC-labeled yeast cells have been used to assay phagocytosis quantitatively in wild-type and coronin-null cells. In the mutant, the rate of uptake is reduced to about one third, which shows that coronin contributes to the efficiency of phagocytosis to about the same extent as it improves the speed of cell locomotion. (Condeelis, 1993; Kreitmeier et al., 1995) .
Introduction
One of these proteins is coronin (de Hostos et al., 1991) . This protein accumulates not only at leading edges but also in crown-shaped extensions on the dorsal cell surface, which are typical of the growth-phase stage. An involvement of coronin in cell locomotion and cytokinesis has been demonstrated by the use of gene replacement mutants (de Hostos et al., 1993 Figure  2A ). Typically, it is the entire area covered by the particle at which F-actin is more strongly enriched than at other areas of the cell surface. In Figure  2A , particle-associated areas ( Figure 28 ). Some patches of higher a-actinin concentration are irregularly distributed at the periphery of the cell.
Hisactophilins I and II are a pair of myristoylated histidine-rich proteins that bind actin in a strongly pHdependent manner (&heel et al., 1989; Hanakam et al., 1995) . The hisactophilins exist in a soluble cytoplasmic and in a plasma membrane-associated state. Figure 2C shows hisactophilin-rich areas that surround the entire cell and remain there after yeast attachment. Later, when a yeast cell is completely internalized, hisactophilins are no longer found at the phagosome membrane (data not shown).
Coronin is known to assemble at extreme positions of cell surface extensions (de Hostos et al., 1991) . In the phagocytic cups, coronin assumes similar positions as in leading edges. In Figure 2D , protrusions of free surface areas are strongly labeled by anti-coronin antibody (at the left region of the cell shown), as are areas around a yeast particle that is being taken up (at the right end of the cell). In the confocal images shown, the strongest coronin label is seen at the side wall near to the border of the cup.
The peculiar localization of coronin is clearly visualized in three-dimensional antibody-labeling patterns reconstructed from series of confocal images. Figures 2E and 2F show stereo images of D. discoideum cells at two stages of yeast uptake. At the earlier stage ( Figure 2E ), coronin is most strongly accumulated in extensions along the rim of the cup. These extensions correspond to the protrusions surrounding a yeast cell in Figure 1C . At the later stage of phagocytosis ( Figure 2F ), the accumulated coronin forms a continuous ring at the borderline of the cup, which is closely attached to the surface of the particle. A phagosome containing a second yeast particle, one that has been completely engulfed, is not distinctly labeled, indicating that coronin is involved primarily in the early phase of phagocytosis.
To demonstrate a stable incorporation of coronin into the protein layer associated with the membrane of early phagosomes, we loaded cells of D. discoideum with magnetobeads. After 5 min, vesicles containing the beads were isolated and carefully washed. lmmunoblots of proteins separated by SDS gel electrophoresis showed that coronin was enriched in the phagosomes relative to other cellular proteins. A control for the efficacy of purification was provided by a-actinin. No a-actinin was detected in the phagosomes although EGTA-containing buffer was used for their purification to stabilize any interaction of the a-actinin with actin ( Figure 3 ).
Particle-Induced
Redistribution of Coronin-GFP Recorded by Confocal Fluorescence Microscopy
In Vivo Because of the distinct localization of coronin to phagocytic cups, we have focused our efforts on this protein as a marker to study the temporal aspect of particle-induced rearrangements in the cytoskeleton. A gene fusion was constructed comprising the total coding sequences of coronin and GFP. The fusion protein contained coronin as the N-terminal domain and GFP as the C-terminal domain. Control experiments were performed with cells producing unfused GFP.
In Figures Figure 5A , attachment of a yeast cell to a D. discoideum cell is followed, as in Figure  4A , within 45 s by coronin-GFP accumulation, but after 4 min, cup progression ceases.
The accumulated coronin-GFP dissociates completely from the cup, and the phagocyte detaches from the yeast particle. Figure  58 shows a GFPproducing control cell that embraces more than half of the yeast cell body before the cup regresses up to complete separation of the yeast from the phagocyte. The sequence shown in Figure 5C it, uptake of the particle is expeditiously completed within 1 min (12 min). After engulfment of the particle, coronin-GFP is gradually removed from the phagosome (12 min 30 s), beginning at the center of the cell, and the area where the cup has been formed is turned into a leading edge (13 min). Figure  5D shows in parallel to Figure  5C the complete engulfment of a yeast particle by a GFP-producing control cell. At no stage of uptake is GFP seen to be locally enriched.
The last two frames of Figure 5A Figure  6 ). Even at 10 FM, phagocytos/s recovered to normal rate after 4-5 hr of incubation with the drug (data not shown).
To establish a role of coronin in phagocytosis, we determined the initial rate of particle uptake in wild-type and coronin-null mutant cells (de Hostos et al., 1993) . A reduction to 30% of the wild-type rate was found in the coroninnull cells ( Figure  7A ). Figure  2B ). This result is in ac- Cells were adjusted to the same total mass of 1.7 ul densely packed cells per milliliter of suspension.
For (B), bacteriagrown wild-type and mutant cells that differed only slightly in volume were adjusted to the same number of 2 x 10" ceils per milliliter. Data in (A) are from six independent experiments done in parallel with wildtype and mutant ceils, while those in (B) are from three independent experiments.
The lines connect means at each timepoint. Figure   5A ). (de Hostos et al., 1993) and coronin-GFPor GFP-producing transformants were cultivated in nutrient medium (Ashworth and Watts, 1970) as described previously (Brink et al., 1990) and harvested during exponential growth. Alternatively, cells were cultivated for the quantitative assays shown in Figure  78 The GFP-or coronin-GFP-producing strains were obtained by transfecting AX2-214 cells with a pDdGal-15 based vector (Harwood and Drury, 1990) and by selection with G418. In these vectors, transcription of insert sequences is driven by the actinpromoter of D. discoideum (Cohen et al., 1986) . Inserts contain either the coding region of Aequorea Victoria GFP (Prasher et al., 1992) or an in-frame fusion of the full-length coronin sequence (de Hostos et al., 1991) followed by the GFP sequence (Gerisch et al., 1995 The yeast cells were labeled with TRITC or, for Figure  2 , with fluorescein isothiocyanate (FITC) and were washed with PB. Trypan blue (2 mglml) (Merck) prepared according to the method of Hed (1986) and passed through a 0.45 urn pore-sized Millipore filter, was used to quench the fluorescence of noningested yeast particles. To quantitate uptake, we added 1.2 x 10' FLYs per milliliter to D. discoideum cells washed in PB and resuspended in nutrient medium. Samples (10 ml) of 2 x lo6 wild-type cells per milliliter or of an equal volume of coronin-null cells per milliliter were shaken in 25 ml Erlenmeyer flasks at 150 rpm. Samples of 1 ml were withdrawn at intervals, incubated for 3 min with 100 ul of the trypan blue solution, and centrifuged for 3 min at 500 x g. The pellet was resuspended in 1 ml of PB and immediately measured in a Kontron SFM 25 fluorescence spectrometer at 544 nm for excitation and 574 nm for emission. Protein content of the cells was determined using Bradford reagent from Bio-Rad. The volume of densely packed cells was measured by centrifugation of cells into a graded glass tube according to the method of Gerisch (1960) . After axenic growth, the average protein content per cell was 1.98-fold higher in the coronin-null mutant than in wild type. Cell volume was 1.97-fold higher in the mutant than in the wild type. After growth in E. coli B/r suspensions, the respective factors were 1.20 for the protein content and 1 .18 for the cell volume. Routinely, the volume was used to adjust mutant and wild-type cell mass in quantitative phagocytosis assays.
lmmunofluorescence Wild-type cells diluted to 5 x 1 O5 cells per milliliter of nutrient medium were allowed to adhere to glass coverslips for 30 min. Then, 5 x lo6 FLYs per milliliter were added and removed after 10 min of incubation by two washes in PB. The specimens were fixed with picric acid and formaldehyde and postfixed with 70% ethanol according to the method of Humbel and Biegelmann (1992) , labeled with TRITC-phalloidin (Sigma), and scanned in a Zeiss LSM 10 confocal microscope.
Alter Optical equipment consisted of a 40x PlanNeofluar objective and a 488 nm argon ion laser. It was important to optimize the optical conditions for GFP fluorescence without damaging the cells. To avoid rounding up and lysis of the cells upon intense light exposure, we used the 498 nm absorption peak of GFP for excitation. Since the FLYs were strongly labeled with TRITC, the small fraction of their emission obtained from excitation at 488 nm was sufficient to record their fluorescence together with that of GFP. The green and red contributions to the emission signal could be separated by using a bandpass filter of 510-525 nm and a longpass filter of 570 nm, respectively.
The images from green and red channels were independently attributed with color codes and then superimposed using AVS software.
Preparation
of Phagosomes Phagosomes from wild-type cells were prepared similar to magnetic fractionation of phagosomes from macrophages and ciliates (Lutz et al., 1993; Vosskijhler and Tiedke, 1993) or pinosomes from D. discoideum (Nolta et al., 1994) . Cells were washed twice in PB, resuspended at 4 x lo6 cells per milliliter in nutrient medium, and allowed to recover for 30 min at 23OC. We then added 100 carboxylated paramagnetic beads of l-2 nm diameter (Polysciences) per cell. Suspension was shaken 5 min, after which phagocytosis was stopped by centrifugation at 4OC and by washing three times with ice-cold PB. The pellet was resuspended to lo* cells per milliliter in PB and mixed with 2 vol of homogenization buffer (30 mM Tris-HCI [pH 7.71, 30% sucrose, 2 mM DTT, 4 mM EGTA, 2 mM EDTA, 5 mM benzamidine, and 0.5 mM PMSF). After filtration through 30 urn gauze, the cells were homogenized by ten passages through a cell-cracker (Bof et al., 1992) . Phagosomes were separated from the lysate by a permanent magnet (MPC-1, Dynal) and washed three times in homogenization buffer. About 0.5% of the protein input was recovered in the phagosomes. For determination of the protein concentration, SDS-PAGE, and immunoblotting, we boiled the phagosomes for 5 min in 20 mM Tris-HCI (pH 7.5), 0.1% SDS, 1 mM DTT, IO mM EDTA, 0.5% PMSF, and the beads were removed by centrifugation.
For electron microscopy, the phagosomes were fixed for 80 min with 0.7% OsO,, 0.8% glutaraldehyde in PB followed by staining en bloc with 0.5% uranyl acetate. After resuspension in 10% gelatine, the specimen was dehydrated in ethanol and embedded in Epon. Thin sections were contrasted with methanolic uranyl acetate (Stempak and Ward, 1984) followed by lead citrate (Hanaichi et al., 1988 
